The mammalian target of rapamycin (mTOR) is a protein kinase that regulates protein translation, cell growth, and apoptosis. Rapamycin (RPM), a specific inhibitor of mTOR, exhibits potent and broad in vitro and in vivo antitumor activity against leukemia, breast cancer, and melanoma. Recent studies showing that RPM sensitizes cancers to chemotherapy and radiation therapy have attracted considerable attention. This study aimed to examine the radiosensitizing effect of RPM in vitro, as well as its mechanism of action. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and colony formation assay showed that 10 nmol/L to 15 nmol/L of RPM had a radiosensitizing effects on pancreatic carcinoma cells in vitro. Furthermore, a low dose of RPM induced autophagy and reduced the number of S-phase cells. When radiation treatment was combined with RPM, the PC-2 cell cycle arrested in the G2/M phase of the cell cycle. Complementary DNA (cDNA) microarray and reverse transcription polymerase chain reaction (RT-PCR) revealed that the expression of DDB1, RAD51, and XRCC5 were downregulated, whereas the expression of PCNA and ABCC4 were upregulated in PC-2 cells. The results demonstrated that RPM effectively enhanced the radiosensitivity of pancreatic carcinoma cells.
Introduction
Pancreatic cancer is the most lethal of the solid tumors and the fourth leading cause of cancer-related death in North America. 1, 2 The incidence of pancreatic cancer has been gradually increasing, even though the incidence of other common cancers has declined.
3 About 80% to 85% of patients with pancreatic cancer present with locally advanced or metastatic disease that precludes curative resection and have a poor prognosis. 1, 3 Despite developments in detection and treatment, the 5-year survival rate of pancreatic cancer is only about 4%. 3 Radiotherapy allows tumor control through the cytotoxic action of ionizing radiation. Radiotherapy is used frequently in the management of multiple tumor types, including locally advanced pancreatic cancer. Although modern technologies permit precise radiation delivery to the tumor mass, while minimizing the exposure of the surrounding healthy tissues, the efficacy of radiotherapy remains limited by the intrinsic or acquired radioresistance of tumors. Enhancing tumor radiosensitivity could reduce the amount of radiation required for definitive treatment and improve clinical outcome. The recent interest in targeting the components of signaling pathways prompts an urgent search for agents that enhance the sensitivity of tumor cells to irradiation.
The signaling pathways that activate mammalian target of rapamycin (mTOR) are altered in many human cancers, and these alterations are associated with prognosis and treatment response. 4 Inhibiting mTOR has been found to enhance the cytotoxicity of DNA-damaging agents in several cancer cells. [5] [6] [7] Rapamycin (RPM) is a lipophilic macrolide antibiotic initially developed as a fungicide and immunosuppressant. 8 Previous studies have reported that RPM has antiproliferative effects on some tumors. [9] [10] [11] [12] [13] [14] [15] RPM also acts as a specific mTOR inhibitor. In several, but not all cancer cell lines, RPMs (RPM and its derivatives) increase the irradiation cytotoxicity in vitro through multiple mechanisms, including the autophagy pathway. [16] [17] [18] [19] RPMs may also increase the effects of radiotherapy in tumor xenograft models. 20 This study aimed to examine the radiosensitizing effect of RPM on pancreatic cancer in vitro and its molecular mechanism.
Material and methods Reagents
The reagents used in our research were: tetal bovine serum 
Cell culture and irradiation
Human pancreatic cancer cell lines, PC-2 and PANC-1 were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, People's Republic of China). Cells were cultured in RPMI 1640 maximal medium containing 10% inactivated (56°C, 30 minutes) fetal bovine serum, 1 × 10 5 U/L penicillin, and 100 mg/L streptomycin, in a humidified atmosphere with 5% CO 2 incubator at 37°C.
The PC-2 and PANC-1 cells were then treated with 2, 4, 6, 8, and 10 Gy of X-ray irradiation, using a Varian Clinac ® 2100EX linear accelerator (Varian Medical Systems Inc, Palo Alto, CA, USA), at a dose rate of 400 cGy/min. The distance between the cells and the radiation source was maintained at 1 meter. After irradiation, the medium was immediately replaced with fresh medium. The dishes were then returned to the incubator for further culture, and the cells were harvested at 0, 24, 48, 72, 96, and 120 hours.
MTT assay
The viability of pancreatic cancer cells was assessed using an MTT dye reduction assay (Sigma-Aldrich), which was conducted as described in a previous work. 21 After irradiation, the cells were seeded in a 96-well plate at a density of 1 × 10 4 cells/well, cultured for 12 hours, then treated with different concentration (10, 20, 30, 40 , and 50 µmol/L) RPM for 0-96 hours. At the end of the treatment, MTT, 50 µg/10 µL, was added, and the cells were incubated for another 4 hours. Dimethyl sulfoxide (DMSO), 200 µL, was added to each well after removal of the supernatant. After shaking the plate for 10 minutes, cell viability was assessed by measuring the absorbance at 490 nm, using an enzyme-labeling instrument (EX-800 type, Bio-Tek, Winooski, VT, USA); all measurements were performed four times. A cell growth curve was completed, using time as the abscissa and absorbance value (A value) (mean ± standard deviation [SD]) as the ordinate.
Colony formation assay
A colony formation assay was applied for measurement of the clonogenic cell survival, as described in a previous work. 22 After the treatment with radiation, the cells were plated into 60 mm petri dishes, with standard culture media. After 2 weeks, the cells were fixed with 4% formaldehyde, stained with crystal violet, and colonies containing more than 50 cells were counted and normalized to their corresponding nonirradiated control. The surviving fraction for a given treatment was calculated as the plating efficiency of the irradiated samples relative to that of the sham irradiated ones. Each point on survival curves represents the mean surviving fraction from at least three independent experiments. The multitarget click model in GraphPad Prism 5.0 (GraphPad Software Inc, San Diego, CA, USA) was used to fit the cell survival curves.
The surviving fractions (SF) were calculated as follows: SF = number of clones formed after irradiation of the cells/ the number of cells inoculated × cell planting rate (the 0 Gy group was calculated as the planting rate).
The radiosensitive enhancement ratio = SF of the control group/SF2 of the drug-treated group.
MDC staining of autophagic vacuoles
MDC staining of autophagic vacuoles was performed for the autophagy analysis, as described in a previous work. 23 The PC-2 cells were divided into a control group, a 10 nmol/L RPM group, and a 15 nmol/L RPM group. The cells were incubated for 48 hours on coverslips. Autophagic vacuoles were labeled with 0.05 mmol/L MDC in phosphate-buffered submit your manuscript | www.dovepress.com Dovepress Dovepress saline (PBS) at 37°C for 10 minutes. Then, the cells were washed three times with PBS. The autophagic vacuoles in the PC-2 cells were observed under a fluorescence microscope (Olympus BX60; Olympus Corp, Tokyo, Japan). The fluorescence intensity of MDC was measured at an excitation wavelength of 380 nm, emission wavelength of 530 nm.
Cell cycle analysis
For the cell cycle, exponentially growing PC-2 cells were cultivated and synchronized for 24 hours in serum-free medium, and then, the medium was exchanged with a complete medium before irradiation. 24 At 24 hours postirradiation, the cells were harvested and fixed in 70% icecold ethanol, at −20°C, overnight. Before analysis, the cells were washed with PBS, and DNA content was labeled with 50 nmol/L propidium iodide (PI) in the presence of 1 mg/mL ribonuclease (RNase) (Sigma-Aldrich) for 30 minutes at room temperature, in the dark. The presence of apoptotic cells was detected by determination of the "sub-G1" population. DNA distributions were analyzed using a FACScan™ flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), with CellQuest™ Pro software (BD Biosciences), for the proportions of cells in G1/G0, S, and G2/M phases of the cell cycle. This assay was performed in triplicate.
Microarray and data analysis
PC-2 cells, including both treated and nontreated, were collected after 48-hour culture. Total RNA was extracted using the TRIzol reagent, following the manufacturer's instructions. The RNA concentration was determined using the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc, Waltham, MA, USA), and RNA integrity was examined by an Agilent 2100 Bioanalyzer System (Agilent Technologies Inc, Santa Clara, CA, USA). Only samples with an RNA integrity number above 8.0 were used for further analysis.
The samples were subjected to mRNA expression profiling on 4 × 44 K Agilent Whole Human Genome Microarray slides (catalog G4112F; Agilent Technologies Inc), using a single-color array method. 25 Total RNA (200 ng) was labeled and amplified according to the manufacturer's instructions, using a Low Input Quick Amp Labeling Kit (Agilent Technologies Inc). Labeled RNA was purified and hybridized to the microarray slides, according to the manufacturer's protocol. After washing the microarray slides, array scanning and feature extraction was performed with the default scenario, with the Agilent High-Resolution Microarray Scanner and Feature Extraction 9.5.3 software (Agilent Technologies Inc). Total gene signal normalization at the 75th percentile of raw signal values and baseline transformation at the median of all samples was performed using the GeneSpring ® software 10.1 (Agilent Technologies Inc), following the instructions of the manufacturer. Before the statistical analysis of microarray data, flag (100% present in at least one group) and fold change (fold change greater than two between RPM-treated and control cell cultures) filters were applied by the GeneSpring software.
Three independent experiments were performed, and expression signals were converted into numerical data using the ImaGene™ software 5.5 (BioDiscovery Inc, Hawthorne, CA, USA), and the raw data was saved as a Microsoft Excel file. Data were subsequently exported to GeneSpring 7.0 (Agilent Technologies Inc) for background subtraction, based on negative controls and per spot and per chip intensity dependent normalization (nonlinear or lowess normalization). These corrected, normalized signals could then be used to estimate the relative abundance of genes with the ratio of Cy-3 and Cy-5 signal intensities. Changes in gene expression were considered significant if the detection P-value was less than 0.05 in at least two of three arrays and the fold change was at least two.
RT-PCR validation
Five genes with the most significant differences in expression and highest fold change revealed by whole-genome microarray experiments were subjected to further validation by RT-PCR. As previously described elsewhere, 26 cells collected at specified times were used to extract total RNA, using the TRIzol reagent and following the manufacturer's instructions. Briefly, 1 µg RNA synthesized complementary (c)DNA through reverse transcriptase, under the following conditions: 5 minutes at 70°C, extended for 60 minutes at 42°C, enzyme inactivated at 95°C for 3 minutes and terminated reaction at 4°C The renaturation temperature was 55°C (cycling 20-25 times). The amplification condition was as follows: The sample was pre-denatured for 3 minutes at 95°C, then denatured for 30 seconds at 95°C, renatured for 30 seconds at 55°C, and finally, extended for 30 seconds at 72°C. The primer sequences were designed with Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA). The primer sequences and annealing temperature of the genes are shown in Table 1 . The PCR product was detected with agarose gel electrophoresis, and an ethidium bromide imaging system was used to perform density index analysis. The expression intensity of the destination gene mRNA was submit your manuscript | www.dovepress.com
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denoted with the ratio of the photodensity of the RT-PCR products of the destination gene and β-actin.
Statistical analysis
All data were expressed by mean ± standard error of the mean (SEM). The statistical analysis was performed using SPSS 13.0 for Windows software (IBM, Armonk, NY, USA). Oneway analysis of variance (ANOVA) and Student's t-test were used to analyze the statistical differences between groups under different conditions. The statistical analysis of the microarray data was performed using the GeneSpring 10.1 (Agilent Technologies Inc) software. A P-value , 0.05 was considered statistically significant.
Results and discussion
Antitumor effect of RPM on pancreatic cancer cells RPM has been shown to have in vitro or in vivo growth inhibitory effects on a number of cancers, including gallbladder cancer, Kaposi's sarcoma, laryngeal cancer, and prostate cancer. [9] [10] [11] [12] [13] [14] [15] In vitro RPM combined with inhibition of the Notch pathway has shown greater efficacy than RPM alone in the treatment of patients with pancreatic cancer. 27 RPM also exhibits dose-dependent antiproliferative effects on pancreatic carcinoma cell lines in vitro, both alone and in combination with FTY720. 28 RPM is well tolerated in clinical use. However, the efficacy of inhibiting mTOR in tumor tissues has not been correlated with its antitumor effects. 29 After treatment with different doses of RPM for 48 hours, the MTT results showed that RPM inhibited the proliferation of the pancreatic cancer cells in a dose-dependent manner. 
Effect of radiation combined with RPM on proliferation of pancreatic cancer cells
Previous reports demonstrated that the RPMs sensitize certain cancer cells that were resistant to chemotherapeutic agents and radiotherapy. [16] [17] [18] [19] 30 These facts suggest that mTOR is an important target for anticancer therapeutics development. Forward primer 5′-GCGCTCCTCTCTCCAGCAG-3′ XRCC5
31
Forward primer 5′-GCCATATCAGTGAACCTTTAGAGAC-3′ 268 59
Forward primer 5′-GGAACTGGAACTCAAGGCAAG-3′ PCNA Forward primer 5′-CTGTAGCGGCGTTGT-3′ 362 52
Reverse primer 5′-ACTTTCTCCTGGTTTGG-3′ ABCC4
Forward primer 5′-GCTCACTGGATTGTCTTCATTTTC-3′ 147 59
Reverse primer 5′-CTCGGTTACATTTCCTCCTCCAT-3′ β-actin
Forward primer 5′-CCTGAGGCTCTTTTCCAGCC-3′ 110 60
Reverse primer 5′-TAGAGGTCTTTACGGATGTCAACGT-3′
Notes: Five genes, including DDB1, RAD51, XRCC5, PCNA, and ABCC4 were confirmed to their expression, in microarray analysis using RT-PCR, and were significantly expressed after RPM treatment in PC-2 cells. The primer pairs and the predicted sizes of the amplified PCR products and the annealing temperatures of PCR were listed. β-actin is the housekeeping gene for RT-PCR analysis. The primer sequences were designed with Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA). Abbreviations: PCR, polymerase chain reaction; RPM, rapamycin; RT, reverse transcription. 
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RPM treatment provides a temporal window for anticancer therapies to enhance radiotherapy response. Mauceri et al 33 tested the effects of combined treatment with RAD001, a different rapalog, and fractionated radiation, using a xenograft model of human non-small cell lung cancer cells (A549 cells). The results suggest that RAD001 increases the antitumor activity of radiation. Furthermore, combination therapy with RPM before irradiation normalized the tumor vasculature, thereby improving tumor oxygenation, and increasing the sensitivity of alveolar rhabdomyosarcoma xenografts to adjuvant irradiation. 34 In this study, cells were irradiated after treatment with different RPM concentrations for 6 hours. The radiosensitivity of pancreatic cancer cells was determined using a colony formation assay. The multitarget click model in GraphPad Prism 5.0 was used to fit the cell survival curves. The radiosensitization was not significant in the 5 nmol/L RPM treatment group compared with the control group (P . 0.05). The 10 nmol/L and 15 nmol/L RPM treatment groups exhibited significantly increased radiosensitivity in both the PC-2 cells and PANC-1 cells (Figure 3) . The difference between the 10 nmol/L and 15 nmol/L RPM treatment groups was not statistically significant (P . 0.05). The results show that RPM has significant radiosensitizing effects at 10 nmol/L to 15 nmol/L, with 10 nmol/L providing the best radiosensitization.
Effects of RPM on autophagy by MDC-labeled method
Autophagy often contributes to the demise of tumor cells. This mechanism may provide a method for radiosensitizing cancer cell types that are refractory to apoptosis induction. However, the data suggest that aside from promoting cell death, radiotherapy combined with autophagy inducers also favors the emergence of a subpopulation of senescent tumor cells that are unable to proliferate but that are still metabolically active. [35] [36] [37] [38] Using multidrug-resistant v-Haras-transformed NIH3T3 cells, Eum and Lee demonstrated that RPM-induced cell death might result from two different mechanisms. 39 At high RPM concentrations ($100 nM), cell death occurs via an autophagy-dependent pathway, whereas at lower concentrations (#10 nM), cell death occurs after a G1-phase cell cycle arrest.
We used a fluorescence microscope with monodansylcadaverine (MDC) staining to determine whether a low dose of RPM induces autophagy in PC-2 cells. MDC is a specific marker for autophagic vacuoles. 40 The MDC-labeled autophagic vacuoles appeared as distinct dot-like structures After x-ray irradiation at 4 Gy, cell viability was determined using the MTT method. As shown in Figure 2 , there was no significant difference between the 5 nmol/L RPM treatment group and the control group (P . 0.05). In the 10 nmol/L and 15 nmol/L RPM treatment groups, cell survival was significantly inhibited compared with the control group (P , 0.05). The difference was not statistically significant (P . 0.05) between the 10 nmol/L and the 15 nmol/L RPM treatment groups.
Effect of radiation combined with RPM on radiosensitivity of PC-2 cells 
Effects of radiation combined with RPM on the cell cycle distribution, under flow cytometry (FCM)
Radiation has been shown to induce transient cell cycle delays in the G1, S, and G2 phases, culminating in a G2/M interphase arrest that often takes place within 4 to 12 hours after irradiation. 41 This occurrence allows the cells to repair DNA strand breaks before continuing cell division or alternatively, to initiate programmed cell death if the cellular damage is too severe for repair. 42 Double-stranded DNA breaks may induce checkpoint responses in any phase of the cell cycle. There is evidence to suggest that the cells in different phases of the cell cycle have different radiosensitivities. The cells in the S phase have strong radioresistance. However, the cells in the G2/M phase are more sensitive to radiation, so the G2/M phase is a sensitive period for the irradiation and chemotherapy of tumor cells. 43 In lung cancer cell lines, RPM was not found to affect the G2/M phase arrest induced by irradiation, at 12 hours, but caused a significant accumulation of cells in the G1 phase, with a corresponding decrease in S phase cells at 24 hours, after irradiation. Albert et al 16 17, 44 Interestingly, in another study, the RPM treatment of prostate cancer cells, either concurrently with or before irradiation, resulted in an accumulation of relatively radioresistant G1 cells and a reduction in relatively more radiosensitive G2/M cells. 45 In the present study, the effects of RPM and RPM with irradiation, on the cell cycle distribution were analyzed using FCM. Figure 5 shows a significant increase in the proportion of G0/G1 phase cells and a reduction in the proportion of S-phase cells, and the variations of G2/M phase cells between the four groups showed no significant difference (P . 0.05), after treatment with different RPM concentrations. The G2/M phase cells significantly increased after 4 Gy of irradiation, whereas the percentage of the S-phase cells decreased. In addition to the increase in the percentage of G2/M phase cells, the G0/G1 and the S-phase fractions were reduced when RPM was combined with 4 Gy X-ray irradiation. The percentages of cells in the S phase in the 10 nmol/L and 15 nmol/L RPM treatment groups were significantly lower than those in the control group and in the radiotherapy alone group. These results suggest that irradiation combined with RPM induced the cell cycle arrest of the PC-2 cells in the G2/M phase.
The sub-G1 population exhibited apoptosis-associated chromatin degradation. The ratios of cell apoptosis in the control group and the RPM treatment groups (5, 10, and 15 nmol/L) were 2.56%, 3.95%, 6.41%, and 9.25%, respectively. Significant differences were observed between the RPM treatment groups and the control group (P , 0.05). The apoptosis rate increased by varying degrees when the PC-2 cells were treated with different RPM concentrations and irradiation dosages. The apoptosis rate was more than three times that of the control group when RPM was combined with 4 Gy of irradiation, significantly higher than that of irradiation alone and the RPM treatment groups (P , 0.01).
Gene expression by microarray in RPM-treated PC-2 cells cDNA microarray is a powerful tool for simultaneously and quickly identifying changes in the expression of large numbers of genes. 46 Several drug targets are components of complex signaling pathways, and the activation of signaling pathways leads to changes in multiple mRNA expression. Thus, microarrays can provide a detailed quantitative assessment of the consequences of this activation and allows efficient identification of the mechanisms of drug action. 47, 48 In this study, we performed cDNA microarray to characterize the radiosensitization mechanism of RPM. We used an Agilent Whole Human Genome Microarray chip to assess the expression profiles in RPM-treated cells. The cell cycle distributions in PC-2 cells 
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As shown in Figure 6 , after treated with 10 nmol/L RPM for 48 hours, 527 functionally related genes were identified to be differentially expressed in the treated cells, including 340 downregulated genes and 187 upregulated genes. Table 2 shows 44 differentially expressed DNA transcriptionand repair-related genes, including 19 upregulated genes and 25 downregulated genes. The genes that exhibited significant differential expression include DDB1, RAD51, XRCC5, PCNA, and ABCC4.
Gene expression validation by RT-PCR
To validate the microarray results, DDB1, RAD51, XRCC5, PCNA, and ABCC4 were chosen from Table 2 as representative DNA-damage repair and transcription genes for RT-PCR analysis. The RT-PCR validation results showed that the mRNA expression ratios of DDB1, RAD51, XRCC5, PCNA, and ABCC4 in the RPM group and control group were 0.25, 0.37, 0.45, 3.03, and 3.86, respectively, as shown in Figure 7A . DDB1, RAD51, and XRCC5 were downregulated, whereas PCNA and ABCC4 were upregulated. Moreover, the RT-PCR results conformed to the results of cDNA microarray ( Figure 7B ). Double-strand breaks (DSB) are the most common injury in tumor cells after chemotherapy and irradiation. The DSB repair process has two major pathways: homologous recombination repair and nonhomologous recombination repair. 49 RAD51 plays a critical role in the homologous recombination repair. Abnormal RAD51 expression often causes recombination repair runaway development, which is closely related to tumorigenesis. The RAD51 overexpression in tumor cells can lead to resistance to radiotherapy and chemotherapy. 50 In this study, the RAD51 expression in the RPM-treated group was significantly downregulated, which suggests that RAD51 is involved in the RPM radiosensitization. Radioactive DNA-damage repair causes resistance to the killing effect of radiotherapy; hence, genome stability has an important role in radiotherapy. 51 X-ray repair crosscomplementing genes (XRCC) are genes related to DNAdamage repair. Human XRCC5 gene is located on chromosome 2q33-35. XRCC5 encodes Ku80 and XRCC6 encodes Ku70 protein, which form the Ku heterodimer, a conserved DNA adhesion protein involved in repairing DSBs, for maintaining the integrity of genome function and repairing the damage caused by extrinsic factors. 52 Ku80, the XRCC5 gene product, can be positioned coupled to the free end of DSBs; thus, it has an important role in the repair process of DSB recombinants. 53 Evans et al 54 reported that the lack of XRCC5 gene expression in hamster mutant XR-5 cells prevented the encoding of Ku 80, resulting in functional defects in DSB repair and increased radiation sensitivity. However, transfecting XR-5 cells with Ku80 cDNA restored their DSB recombination repair function, a mark of cells with radiation tolerance. In this study, the XRCC5 downregulation in the PC-2 cells after RPM treatment enhanced the radiosensitivity of PC-2 cells, which is consistent with the literature.
Proliferating cell nuclear antigen (PCNA) is a gene that reflects important indicators of cell proliferation that are involved in DNA replication and DNA repair synthesis. 55 Previous studies suggest that PCNA is correlated with the histologic grade, clinical stage, and radiosensitivity of tumors; thus, it could be used as an indicator for radiosensitivity. 
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The gene chip and the RT-PCR results in the experiment showed significantly upregulated PCNA expression, which suggests that increased PCNA gene expression may be one of the mechanisms of RPM in radiosensitization.
Conclusion
In conclusion, we have demonstrated that RPM can enhance the radiosensitivity of pancreatic cancer cells. Low doses of RPM can induce autophagy. The FCM assay indicated that RPM induced the cell cycle arrest of the PC-2 cells in the G2/M phase. The cDNA microarray results demonstrated that gene-expression patterns are influenced by RPM treatment in vitro, in a pancreatic cancer cell line. Furthermore, two overexpressed genes and three low-expressed genes were validated. However, we were unable to determine whether changes in gene expression are involved in the radiosensitization of pancreatic cancer cells, as well as the underlying mechanisms. Therefore, further protein level and functional studies are required to confirm the relevance of these gene expression changes.
